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The volumetric data for methane, nitrogen, and helium 
mixtures have been determined experimentally at low 
0 0 
temperatures (60 F to -30 F) over a pressure range of 
1000 to 5000 psig. 
An attempt has been made to show that the extension 
of standard techniques viz, "The Law of Corresponding 
States" for predicting the compressibility factors of 
pure hydrocarbons and hydrocarbon mixtures is not 
adequate for mixtures containing even very small amounts 
of helium. The deviation from the computed compressibility 
factors is found to be maximum at low temperatures and 
high pressures (up to 22%) for the mixtures studied. 
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I. INTRODUCTION 
The volumetric behavior of natural gas systems has 
been studied over pressure and temperature ranges normally 
encountered in oil and gas reservoirs. A renewedinterest 
in the physical properties of hydrocarbons at low 
temperatures has occurred in the last two years because 
of the discovery of hydrocarbon deposits on the north 
slope of Alaska. 
A considerable amount of work has been done on phase 
and volumetric behavior of natural gases at row temper-
* 
atures and high pressures by Davis, Gore and Kurata 14,61. 
The volumetric data in the range of -30°F to 70°F and 
1000 psig to 5000 psig are insufficient for determining 
compressibility factors and phase relationships of con-
taminated hydrocarbon mixtures. The object of this study 
is to experimentally obtain compressibility factors of 
methane-nitrogen-helium (helium up to 1.0% mole) systems 
in this range. See Table II for composition of samples 
studied. The data are compared to the compressibility 
factors using "The Law of Corresponding States" and the 
correlation of Z vs. pseudo-reduced pressure as the 
basis. The nitrogen percentage was kept below 10% mole 
so that the error due to presence of nitrogen was less 
than 1%. 
*References given at the end of Thesis. 
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II. LITERATURE REVIEW 
Several methods are available for computing compress-
ibility factors of hydrocarbon mixtures and natural gases. 
Kay's IBI method is the one used for computing compress-
ibility factors in this investigation. 
"The Law of Corresponding States" provides 'the 
theoretical basis for this method. Kay introduced the 
concept of pseudo-critical properties for treating 
hydrocarbon mixtures. The pseudo-critical properties are 
obtained by applying Amagat's law of partial volumes for 
mixtures to the critical properties of the individual 
constituents of the mixture. The pseudo-critical pressure 
and pseudo-critical temperature are defined mathematically 
as: 
n 
pPc = E Yi Pci 
i=l 
n 
pTe = E Yi Tci 
i=l 
where: pPc = pseudo-critical pressure of mixture; 
pTe = pseudo-critical temperature of mixture; 
Pci and Tci = critical pressure and temperature, 
respectively, of the individual component; 
(1) 
(2) 
Yi = mole fraction of ith component in the mi~ture; 
n = number of components in the mixture. 
The pseudo-reduced pressure and pseudo~reduced 
temperature are defined as: 
3 
pPr p = pPc (3) 
pTr T = pTe 
where: P and T are absolute pressure and temperature, 
respectively. 
(4) 
Knowing pPr and pTr, the compressibility factors were 
read from the generalized charts for natural gases by 
Brown, Katz, Oberfell and Alden 1101. This method holds 
good for a system containing lighter hydrocarbons (up to 
c7 ) and less than 10% mole of nitrogen. Eilerts, et 
al lsi have proposed correction factors for computing 
compressibility factors of systems containing more than 
10% mole of nitrogen. The nitrogen concentration was 
kept below 10% in order to study the added effect of 




The equipment used in this investigation consisted 
(1) a 2 liter high pressure cell (referred to as 
cell 1) with a thermocouple well; 
(2) a 250 cc. mercury pump with a pressure gauge 
(range 0 to 10,000 psig, accuracy, 0.1% full 
scale); 
(3) two 650 cc. cells for preparing samples; 
(4) a cooling chamber (range -40 to 60°F); 
(5) a temperature recorder. 
B. CALIBRATION OF PUMP AND CELL 
4 
The mercury pump was calibrated by withdrawing known 
volumes of clean dry mercury from the pump and calculating 
its volume using published density charts. The pump con-
stant was found to be 1.001 cc per turn. 
The high pressure cell was calibrated at the temper-
ature and pressure range under consideration. A linear 
relation was obtained by plotting cell volume against 
pressure at constant temperature. Fig. 1 shows the cell 
calibration curves. The volumetric data on mercury used 
for cell calibration is shown in Table I. 
C. PREPARATION OF SAMPLES 
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VOLUMETRIC DATA ON MERCURY 
Temperature Compressibility of Volume of Hg at 
OF Hg vol./vol./psi. indicated temperature 
X 10- 7 relative to volume 
at 60° F. 
75 2.746 1.001494 
70 2.733 1.000944 
65 2.719 1.000492 
60 2.709 1.0 
55 2.692 0.999490 
so 2.678 0.998988 
45 2.664 0.998485 
40 2.650 0.997986 
35 2.637 0.997485 
30 2.623 0.996984 
25 2.609 0.996482 
20 2.595 0.995981 
15 2.582 0.995480 
10 2.568 0.994978 
5 2.554 0.994477 
0 2.540 0.993976 
-5 2.526 0.993474 
-10 2.512 0.992973 
-15 2.498 0.992472 
-20 2.484 0.991970 
-25 2.470 0.991469 
-30 2.456 0.990968 
from Phillips Petroleum Co. Nitrogen (99.98% pure) 
and helium (99.997% pure) were obtained from Acetylene 
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Gas Co. The pressure for loading the cell was approximated 
using the Ideal Gas Law to obtain the desired number of 
moles of each component. Methane was first loaded in 
cell 1. The volume of methane was measured at 600 psig. 
The number of moles of methane were calculated from the 
equation: 
PV = ZnRT. ( 5) 
Compressibility factors of pure methane were deter-
mined at several different pressures and temperatures and 
were compared to the published data to check the accuracy 
of the equipment. The results on pure methane were 
found to be within 1% of the published data on pure 
methane. 
Nitrogen was then loaded in cell 2, the exact number 
of moles were determined. The nitrogen was then trans-
ferred to cell 1 by pumping mercury from the pump in 
cell 2. Similarly helium was charged to cell 1 to 
obtain Mixture 1 having the composition shown in Table II. 
This procedure for preparing samples was found 
satisfactory for approximating a desired composition. 
An example calculation for a mixture preparation is given 
in Appendix B. 
D. SEQUENCE OF OPERATIONS FOR P-V-T MEASUREMENTS 
(1) The cell containing the mixture was placed in 
TABLE II 
COMPOSITION OF MIXTURES 
Methane Nitrogen Helium Total No. 
Mole Fraction Mole Fraction Mole Fraction of Moles 
MIXTURE 1 0.9707 0.0270 0.0022 0.0073162636 
MIXTURE 2 0.94026 0.05528 0.004559 0.007562164 
MIXTURE 3 0.9110 0.@8453 0.0043179 0.007803762 
MIXTURE 4 0.90598 0.08405 0.009967 0.007848301 
00 
the cooling chamber. The thermostat was set at the 
desired temperature. The cell was disconnected from the 
pump by closing the valve. 
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(2) A thermocouple was connected to the thermocouple 
well in the cell and the temperature was recorded con-
tinuously. 
(3) At stabilized temperature, the cell was connected 
to the pump by opening the valve. 
(4) Cell pressure was raised to 5000 psig by pumping 
additional mercury in the cell and the initial reading 
on the pump was taken at pressure equilibrium. 
(5) The pressure in the cell was reduced by with-
drawing mercury to 4500 psig. Sufficient time was 
allowed for the pressure to stabilize. The cell was 
disconnected by closing the valve. A pump reading was 
taken at 5000 psig, at which the pump was calibrated .. 
(6) Similarly,thevolume of mercury in the cell 
was determined at 500 psig.and intervals up to 1000 psig. 
(7) Bath temperature was set for the next temper-
ature step and steps (3) through (6) were repeated. 
Compressibility factors for samples were calculated 
as shown in Appendix C. 
E. ERROR ANALYSIS 
The published data on pure methane from WADD Tech-
nical Report, 60-56 part IV 1101, was compared to the 
experimental compressibility factors on pure methane. 
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The average deviation of results from the published data 
was found to be within 1%. 
The following precautions were taken to minimize the 
experimental errors: 
Pump readings were taken with pressure ascending 
from 750 psig to 5000 ps~g and were rechecked with pressures 
descending from 5000 psig to 7 50 psig. The mean of the 
two readings was taken to minimize any errors due to 
pressure not being in equilibrium. 
The cell was placed in an inclined position in the 
bath in order to reduce gravitational head of mercury 
in the cell. 
The room temperature was maintained at 72°F while 
taking readings in order to minimize theerror due to 
temperature variations. 
A pressure of about 500 psig was always maintained 
in the cell to prevent any leakage of gas into the pump. 
In spite of all the precautions, fittings and valves 
occasionally leaked at low temperatures and high pressures 
causing an error in calculating the volume of mercury 
in the cell. Pump readings could be taken accurately to 
the second decimal place; the third decimal was approx-
imated. This caused an error of the order ±0.005% in 
compressibility which could be neglected. 
IV. RESULTS 
Volumetric studies were conducted on four different 
compositions of methane, nitr~gen and helium systems. 
All of these four samples were subjected to temperatures 
ranging from 70°F to -30°F and pressures ranging from 
5000 psig to 750 psig. In order to allow noticeable 
change in compressibility data, the readings were taken 
at 20°F and 500 psig intervals~ Results are shown in 
Tables III through VI. The isotherms showing pressure 
vs. compressibility factors are shown in Figs. 2 through 
5. 
Compressibility factors were calculated using "The 
Law of Corresponding States". Tables VII through IX 
show the computed compressibility factors. Figs. 6 
through 9 show the comparison of experimental and the 
computed compressibility factors. The computed results 
are shown by broken lines. 
Table X shows the average deviation and the maximum 
deviation of the experimental results from the computed 
results. It is apparent from Figs. 6 through 9 that for 
the same temperature and pressure, the experimental 
compressibility factor is_ greater than that computed 
11 
*The actual temperatures at which readings were 
taken were ±2°F from the ones shown in the figures. The 
compressibility factors shown in these f~gur~s are inter-
polated from those obtained at actual temperatures. 
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TABLE III 
EXPERIMENTAL COMPRESSIBILITY FACTORS 
MIXTURE 1 
Pressure 70°F 50°F 30°F 10°F 0 -10 F -30°F 
psig 
750 0.912 0.898 0.872 0.857 0.818 
1000 0.898 0.892 0.877 0.840 0.816 0.796 
1500 0.871 0.862 0.836 0.786 0.754 0.706 
2000 0.865 0.854 0.826 0.773 0.741 0.698 
2500 0.875 0.867 0.839 0.791 0.769 0.738 
3000 0.903 0.897 0.875 0.836 0.824 0.806 
3500 0.940 0.938 0.924 0.896 0.890 0.878 
4000 0.995 0.990 0.983 0.962 0.963 0.958 
4500 1.046 1.045 1.037 1.038 1.058 
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EXPERIMENTAL COMPRESSIBILITY FACTORS 
MIXTURE 2 
Pressure 70°F 50°F 30°F 10°F -10°F -30°F psig 
750 0.918 0.900 0.884 0.864 0.844 0.825 
1000 0.905 0.882 0.862 0.831 0.801 0.782 
1500 0.878 0.847 0.825 0.778 0.731 0.710 
2000 0.868 0.833 0.809 0.758 0.711 0.695 
2500 0.875 0.838 0.818 0.774 0.732 0.732 
3000 0.898 0.864 0.848 0.812 0.782 0.788 
3500 0.932 0.902 0.893 0.864 0.844 0.856 
4000 0.974 0.948 0.943 0.924 0.910 0.930 
4500 1.022 1.002 1.00 0.988 0.980 1. 00 
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EXPERIMENTAL COMPRESSIBILITY FACTORS 
MIXTURE 3 
Pressure 70°F 50°F 30°F 10°F -10°F -30°F 
psig 
750 0.924 0.900 0.892 0.879 0.852 0.824 
1000 0.906 0.880 0.870 0.849 0.838 0.776 
1500 0.874 0.850 0.836 0.802 0.759 0.697 
2000 0.868 0.841 0.824 0.790 0.744 0.686 
2500 0.886 0.848 0.838 0.802 0.767 0.718 
3000 0.909 0.875 0.862 0.840 0.815 0.780 
3500 0.947 0.911 0.906 0.890 0.874 0.846 
4000 0.988 0.962 0.959 0.949 0.938 0.920 
4500 1.034 1.020 1.020 1.014 1.001 0.998 
5000 1.08 1.08 1.08 1.078 1.078 
1.1 
























1000 2000 3000 4000 
Pressure == PSIG 





EXPERIMENTAL COMPRESSIBILITY FACTORS 
MIXTURE 4 
Pressure 70°F 50°F 10°F -10°F -30°F 
psig 
750 0.917 0.894 0.870 0.848 0.798 
1000 0.906 0.878 0.842 0.817 0.762 
1500 0.886 0.851 0.800 0.767 0.701 
2000 0.879 0.846 0.788 0.757 0.694 
2500 0.888 0.855 0.806 0.780 0.736 
3000 0.913 0.885 0.848 0.828 0.800 
3500 0.945 0.918 0.908 0.890 0.871 
4000 0.985 0.966 01962 0.957 0.946 
4500 1.032 1.02 1.022 1.028 1. 028 
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COMPUTED COMPRESSIBILITY FACTORS 
MIXTURE 1 
Pressure 70°F 50°F 30°F 10°F -10°F -30°F 
psig 
750 0.905 0.890 0.875 0.850 0.82 0.800 
1000 0.88 0.857 0.840 0.805 0.77 0.73 
1500 0.835 0.805 0.775 0.725 0.68 0.620 
2000 0.810 0.777 0.745 0.690 0.640 0.600 
2500 0.800 0.775 0.740 0.695 0.660 0.625 
3000 0.820 0.790 0.7625 0.725 0.695 0.675 
3500 0.850 0.825 0.800 0.77 0.750 0.735 
4000 0.885 0.865 0.845 0.822 0.805 0.800 
4500 0.925 0.907 0.900 0.877 0.875 
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COMPUTED COMPRESSIBILITY FACTORS 
MIXTURE 2 
Pressure 70°F 50°F 30°F 10°F -10°F -30°F 
psig 
750 0.9075 0.895 0.880 0.855 0.835 0.805 
1000 0.8775 0.870 0.840 0.815 0.785 0.740 
1500 0.835 0.815 0.780 0.740 0.695 0.630 
2000 0.810 0.795 0.750 0.705 0.665 0.610 
2500 0.800 0.785 0.745 0.710 0.675 0.635 
3000 0.820 0.800 0.77 0.735 0.710 0.685 
3500 0.845 0.830 0.810 0.780 0.760 0.740 
4000 0.890 0.875 0.855 0.845 0.820 0.810 
4500 0.930 0.920 0.890 0.870 






































































COMPUTED COMPRESSIBILITY FACTORS 
MIXTURE 3 
Pressure 70°F 50°F 30°F 10°F -10°F -30°F 
psig 
750 0.915 0.900 0.875 0.855 0.830 0.810 
1000 0.885 0.870 0.845 0.820 0.790 0.750 
1500 0.847 0.825 0.790 0.760 0.710 0.655 
2000 0.8225 0.800 0.760 0.725 0.675 0.625 
2500 0.815 0.790 0.760 0.750 0.685 0.645 
3000 0.832 0.815 0.780 0.755 0.720 0.690 
3500 0.860 0.845 0.815 0.795 0.77 0.750 
4000 0.895 0.885 0.860 0.845 0.825 0.815 
4500 0.940 0.925 0.900 0.880 
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using "The Law of Corresponding States". A comparison 
of the two compressibilities in case of Mixture 1 shows 
that the deviation at 2000 psig increases from 7% at 
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70°F to 16% at -30°F. The deviation in the two compress-
ibilities also increases as the pressure increases. 
A sample calculation of the compressibility factor 
from the volumetric data is shown in Appendix C. 
TABLE X 
DEVIATION OF EXPERIMENTAL COMPRESSIBILITY FACTORS 
FROM COMPUTED COMPRESSIBILITY FACTORS 
Composition: Mole Fr. Average Deviation 
MIXTURE Methane Nitrogen Helium % 
1 0.9707 0.027 0.0022 12.30 
2 0.94026 0.05528 0.004559 8.16 
3 0.9111 0.08453 0.0043179 8.31 









V. CONCLUSIONS AND RECOMMENDATIONS 
The study of methane-nitrogen-helium system shows 
that the standard techniques, viz Kay's method using 
pseudo-critical properties, would not hold good for 
hydrocarbon mixtures containing even very small per-
centages of helium (up to 1%). 
A comparison of compressibility factors of pure 
methane, nitrogen, and helium with the system under 
consideration shows that the overall increase of the 
compressibility factor is due to the presence of helium. 
The isotherms at -30°F cross all other isotherms above 
-30°F up to temperatures under consideration at higher 
pressures (greater than 2000 psig) because of the 
presence of nitrogen in the system. 
It would be interesting to study the system in 
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the critical region and in two phases which was prevented 
by the limitations of the equipment. Other techniques 
for computing the compressibility factors can also be 
checked to see if they can be used to predict PVT 
relationships of a system containing helium and hydro-
carbon gases. The pressure and temperature conditions 
prevailing in Alaska offer a good encouragement of 
modifying some of the existing methods like BWR equation 
of state 1111 for computing compressibility factors of 
natural gases containi~g helium. 
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SAMPLE CALCULATION FOR CELL CALIBRATION 
The change in cell volume, G, at any temperature, T, 
and pressure, P, was calculated as follows: 
G = F - E (6) 
where: E = Expansion/Contraction of original volume of 
mercury in cell 
v 
= V X (1 + 5000 Bt) _!. (1 BT P) 
vt 
(7) 
F = original volume of Hg. in cell 
= V X [(1 + 5000 Bt) VT (1 - B P) - 1] 
vt T 
(8) 
where: v = volume of mercury in pump; 
v = cell volume at 5000 psig and room temperature, 
t; 
BT = compressibility of Hg at any temperature, T· ,
Bt = compressibility of Hg at room temperature, t; 
VT = relative volume of Hg at temperature, T· ' 
vt = relative volume of Hg at temperature, t. 
Calculation of Cell Volume at 2500 psig and -30°F: 
Room temperature: 
0 Cell volume at 5000 psig, temperature, t F = 2061.465 cc. 
0 
Pump reading at 5000 psig, temperature, t F = 38.40 
Pump reading at 2500 psig, - 30°F = 52.095 
Pump constant = 1.001 
Volume in pump = 38.40 - 52.095 
= -13 . 6 9 5 cc. 
Volume of mercury at pump conditions = -13.695 x 1.001 








(Read from Table I ) 
2.738 X 
2.456 X 10- 7 
Using equations (7) and (8), we get: 
F = 2061.465 x[(1 + 5000 X 2.738 X 10- 7)0.990968 1.001194 
• (1 - 2500 X 10- 7 X 2.456) - 1] 
= - 19.516 
E = - 13.7807 X (1 + 5000 X 2.738 X 10- 7 )~:~~~i~{ 
• (1 - 2500 X 2.456 X 10- 7 ) 
= - 13.5788 
G = F - E 
= -19.516 + 13.5788 
= -5.9372 
Volume of cell = 2061.465 + G 
= 2061.465 - 5.9372 
= 2055.5278 cc. 
34 
APPENDIX B 
SAMPLE CALCULATION FOR MIXTURE PREPARATION 









Cell 1 was charged with pure methane at 500 psig 
and the exact volume was measured at 600 psig. The 
number of moles were determined as follows: 
Room Temperature = 72°F 
Volume of mercury in the cell at cell conditions: 
323.805 X 1.001 X (1 + 5000 X 2.738 X 10- 7 ) 
•(1 - 600 X 2.738 X 10- 7) 
= 324.1288 X 1.001204 
= 324.5190 cc. 
Volume of cell at 600 psig, 72°F (read from Fig. 1) 
= 2059.15 cc. 
Volume of methane in the cell = 2059.15 - 324.519 
= 1734.631 cc. 
Number of moles of methane were calculated using the 
Ideal Gas Law: 




614.7 X 1734.631 
• :0 . 9 Z T8 X l 0 • 7 3 9 X 53 2 X 2 8 316 . 8 
35 
(9) 
= 0.00710258 moles of Methane. 
Volume of Helium was approximated as follows: 
Number of moles of methane = 0.00710258 
Number of moles of helium + nitrogen constituting the 
3% of the mixture: 
0.00710258 X 0.03 = 0.000213. 
Number of moles of nitrogen to be added 
0.028 
= 0.000213 x 0.0 3 = OD00198. 
Number of moles of helium to be added 
= 0.000213 - 0.000198 = 0.000015. 
Pressure available on helium cylinder = 100 psig. 
R t t 72oF. oom empera ure = 
36 
The volume of helium was calculated using equation (9): 
V = Z~RT 
1.015 X 0~00015 X 10.739 X 532 X 28316.8 
= 114.7 
= 21.4 cc. 
Cell 2 was filled with 624 cc of mercury and was 
charged with helium at 100 psig. Helium was pressured 
up to 600 psig and the volume of mercury in cell 2 was 
recorded. 
The number of moles of helium were calculated as 
follows: 
Volume of mercury in cell 2 at pump conditions 
= 641.855 x 1.001 at 600 psig 
= 642.496 
Volume of mercury in cell at cell conditions: 
642.496 X (1 + 5000 X 2.738 X 10- 7) 
·(1 - 600 X 2.738 X 10- 7) 
= 643.269 cc. 
Volume of helium in cell = volume of cell - volume of 
mercury in the cell= 647.655 - 643.269 
= 4.386 cc. 
Number of moles of helium were calculated using equation 




614.7 X 4.386 
= 1.019 X 10.7394 X 532 X 28316.8 
0.000163536 moles of helium. 
APPENDIX C 
SAMPLE CALCULATION FOR COMPRESSIBILITY FACTOR 
FROM EXPERIMENTAL DATA 
Temperature = 532°R 
Pressure = 4000 psig 
Mixture 1 







Initial volume of mercury in cell 1: 336.44 cc. 
Volume of mercury pumped to raise pressure to 4000 psig 
= 1430.192 cc. 
Volume of mercury in the cell = 1430.192 + 336.44 
= 1766.632 cc. 
Volume of mercury in the cell at cell conditions 
= 1766.632 X 1.001 X (1 + 5000 X 2.738 X 10- 7) 
• ( 1 - 4000 X 2.738 X 10- 7) 
= 1768.880 cc. 
Volume of cell at 72°F, 4000 psig (read from Fig. 1) 
= 2061.075 cc. 
Volume of mixture in the cell = 2061.075 - 1768.880 
= 292.195 cc. 
38 
Compressibility of mixture was calculated using equation (9): 
PV 
z = nRT 
39 
= 4014.7 X 292.195 
0.0073162636 X 10.729 X 532 X 28316.8 
= 0.992022. 
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